This paper describes the properties and use of a fiber optic probe as an attachment to a spectrophotometer and its use for measurements in solutions and turbid suspensions. Measurements of a standard were identical when a spectrophotometer equipped with the probe was used or when a spectrophotometer was used in a conventional manner. The probe was calibrated for turbidimetric measurements with microorganisms by relating the apparent absorbancy measured on the spectrophotometer to the dry weight of each species of organism. Continuous measurements were made of the turbidity of growing cultures of Escherichia coli, Streptococcus mutans, and Saccharomyces cerevisiae. Transient changes in cell mass were observed in some cultures during continuous monitoring of growth. The data were recovered in a manner which allowed direct computer processing.
Measurement of turbidity is a common and convenient means for estimating the size of a bacterial population. These measurements were the subject of a thorough review by Kavanagh (9) . The first systematic use of photoelectric colorimeters for the turbidimetric estimation of microbial populations was by Alper and Sterne (1) and by Longsworth (13) . These workers recognized that turbidimetric measurements required the construction of calibration curves for the particular instruments used. Hershey (8) clearly differentiated between the increase in mass and the increase in numbers of organisms in a culture as parameters of growth. He further showed that the turbidity increase was related to increased mass and that turbidity measurements were independent of changes in cell size that occurred during different phases of growth.
Two classes of instruments have been designed for the continuous estimation of turbidity of a growing culture: (i) the culture vessel is placed in the photometer or (ii) the culture itself is pumped through a photometer cell. Representative of the first class is the Bonet-Maury apparatus used by Coultas and Hutchison (4) . This is a cumbersome apparatus introducing individual tubes, each containing a growing culture, into a photometer. Forrest and Stephen (6) also described a device for the continuous recording of the turbidity of a suspension of growing microorganisms with a nephelometer. Although a simpler device, it has limited use because the growth of a single small culture is monitored within the photometer housing. Representative of the second class are continuous cultures controlled by pumping the culture through a photometer (5) or by mounting the growth chamber in the light path of a photometer (15) . Blachere and Jamart (3) used a flow-cell photometer in which the interior optical surfaces are periodically swept clean by the piston, which also moves the culture. This photometric device has an additional analogue circuit which converts the photometer reading to dry mass of the organism.
A device for the continuous recording of bacterial turbidity which would have a rapid response time and does not require sample removal or pumping through a large dead space would be a highly useful instrument for the examination of the growth of microbial populations. In this paper, we describe the design and application of a fiber optic probe as part of a system for continuous recording of the turbidity of growing microbial suspensions. This probe was designed by Gilford Instrument Co. and was built by American Optical Co. We have used it to continuously follow the Figure 2 is a photograph of the probe and the optical assembly which fits into the sample compartment of a Gilford 300N spectrophotometer. Figure 3 shows a block diagram of the optical path of the Gilford 300N spectrophotometer with the fiber optic probe inserted. original path, and the remaining light reaching the phototube will be read as a numerical value which we will call "apparent absorbancy." The fiber optic bundles coming from the monochromator and returning to the photomultiplier are concentrically wrapped with one another and are covered by an inert plastic. Figure 2 shows the assembly removed from the sample compartment. The normal cuvetteholding assembly of a Gilford 300N spectrophotometer is removed, and in its place is inserted the mirror system which is attached to the fiber optic bundles leading to and from the probe. The output of the Gilford 300N spectrophotometer, representing the changing turbidity of the growing culture, is recorded continuously by use of a Leeds and Northrop Speedomax W multipoint recorder. The span of the recorder was adjusted so that its full range would record absorbancy of 2 optical density units.
Sterilization of the fiber optic probe. The probe was sterilized prior to use with gaseous ethylene oxide in the following manner. An ethylene oxide mixture in the volatile liquid carrier was introduced into the bottom of a 100-ml graduated cylinder. The probe end, along with its accessory rubber cap used to fit the probe into the growth chamber, was suspended above the liquid in the bottom of the graduated cylinder. Cotton was packed around the fiber optic bundles leading out of the graduated cylinder, and aluminum foil was used to cover the cotton stopper. The probe remained in the graduated cylinder for at least 1 hr after the liquid had evaporated from the bottom of the cylinder. RESULTS Lnstrument characteristics. To evaluate the light loss due to probe insertion in the Gilford 300N spectrophotometer and to determine whether it is uniform at all wavelengths, the "spectral response" curve was evaluated (Fig. 4) . The instrument was set to an arbitrary null at the emission maximum of the tungsten lamp, 535 nm. Absorbance values were measured as wavelength was varied away from the maximum; thus, the absorbance values are a combined measure of the output of the lamp, the effect of materials in the light path (i.e., wavelength shifters, absorbers, etc.), and the response of the phototube to varying wavelengths. To plot "probe-in" and "probeout" values on the same figure, it was necessary to subtract approximately 2.6 absorbance units from the "probe-in" values, which is the approximate loss of light with the probe in place. The absorption minimum of the system. This is explainable by the increased voltage applied to the tungsten lamp necessary to zero the instrument; the lamp emission shifts toward higher wavelengths as the voltage is increased. The only significant difference between the two curves is the increased absorption observed at lower wavelengths with the probe in place. For exainple, the difference between probe-in and probe-out in excess of light attenuation due to reduced aperture is 0.05 absorbance unit at 550 nm, 0.3 absorbance unit at 500 nm, and 0.5 absorbance unit at 450 nm. Below 400 nm, the probe does not conduct sufficient light to allow the instrument to be useful; at all higher wavelengths, the probe appears only to lower the available light with no other effect on the operation of the system. Figure 5 shows the calibration curves of the fiber optic probe for the three different organisms drawn by a Calcomp plotter. The calibration curves for the two bacterial species are almost coincident with one another, whereas the calibration curve for the yeast is substantially different. Presumably, the optical properties of an organism of the size of the yeast are different from those of a particle of the size of the bacteria. Similar calibration curves were determined with the same organisms by use of Gilford 30ON and Gilford 2400 spectrophotometers in a conventional manner. For all three organisms, the relationship between apparent absorbancy and dry weight determined with each of these instruments was very similar to the values obtained with the fiber optic probe. Figure 6 demonstrates that turbidimetric data obtained with the probe are comparable to turbidimetric data taken in the conventional manner throughout the course of the growth cycle of the culture. The medium in the fermentor was inoculated with an exponentially growing culture of S. mutans, and at the time intervals shown in Fig. 6 read on a Gilford 300N spectrophotometer equipped with the fiber optic probe. A sample was then removed from the culture, put into a 1-cm cuvette, and read at 550 nm in a Gilford 2400 spectrophotometer. The time interval between readings of the two instruments was about 1 min. The apparent absorbancy readings taken with the probe and the corresponding measurements made in the conventional manner were converted to milligrams (dry weight) per milliliter of culture by use of the appropriate constants for each instrument derived from the calibration procedures. There was no substantial difference in the results obtained by these methods. The insert in Fig. 6 The use of the probe to collect data continuously during batch-culture growth of S. mutans on Brain Heart Infusion medium is shown in Fig. 7 . There are two traces on this graph. One shows the values of apparent absorbancy from the fiber optic probe; the second represents the addition of alkali to maintain the culture at a constant pH of 6.8. To recover the data from the original records and put these data in a useful form for further processing, the charts were digitized semiautomatically with a Calma digitizer. One Turbidity; (2) addition of KOH. The culture was inoculated 7 hr before the start of the records. The limits of the value of apparent absorbancy for the turbidity measurements were from 0 to 2 for the flow chart growth. Ninety-six lines on the chart represented the full displacement of the 25-ml burette used for addition of the alkali. The stripchart recorder speed was set at 1 inch (2.5 cm) per hr, giving those values to the X axis.
It is apparent from the raw data shown in Fig. 7 that as the culture ceased producing acid there was a concomitant peak in the turbidity curve where growth apparently ceased. This was followed by a noticeable reduction in turbidity of the culture. This may be similar to the lytic phenomenon reported by Hadjipetrou and Stouthamer (7) when glucose was depleted from an exponentially growing culture of Bacillus subtilis. Figure 8 shows a plot of the turbidity data after digitization and conversion to the logarithm of the dry mass against time. The irregularities seen at the lower end of the curve are due to the nature of a logarithmic plot, and represent a very small fraction of a similar displacement at the upper end of the curve. With the exception of the transient spike, the growth curve is conventional with a lag phase, a phase of exponential growth, and a phase in which the organism is declining from exponential growth before growth stops, presumably owing to a limitation of glucose. Since this particular strain has been shown to be a homofermentative lactic acid bacterium (17) , the amount of acid produced is a measure of the amount of glucose which has been fermented. If a plot is made of the logarithm of the milliequivalents of KOH added versus time for the exponential phase of growth, the slope of the curve obtained agrees within 5% with that of the corresponding portion of the curve for turbidity. If the same organism is grown in a static air atmosphere instead of the nitrogencarbon dioxide atmosphere used in the previous experiment, the general features of this curve are similar, except that the slope of the exponential phase is less and the terminal spike present at the end of the growth phase is more pronounced.
Another example of transient changes which can be detected by continuous monitoring is shown in Fig. 9 Figure 10 shows a growth curve for the yeast. In this case, a conventional growth curve was seen, with a lag phase, a phase of exponential growth, and a phase of decline from exponential growth. In this particular experiment, the particles were counted at selected time intervals. A plot of the logarithm of cell numbers against time during the exponential phase of growth of this particular culture gave a slope which differed by no more than 5% from the slope obtained from a plot of the log of the dry mass against time.
DISCUSSION
With the use of the fiber optic probe, the optical path of the spectrophotometer is extended be- yond the physical confines of the sample chamber while the essential features of a spectrophotometer are retained. A spectrophotometer that can be equipped with a fiber optic probe should prove to be useful for conventional spectral measurements, in addition to its use as a device for the continuous measurement of turbidity. Conventional measurements can be made with this system in places to which there is limited access or in samples which it is not possible to transfer to a cuvette. Measurements which were made with the riboflavine solution show that Beer's law was followed to an absorbancy value of 2, the limit of the rated linearity of the spectrophotometer itself. The absorption spectrum of riboflavine proved to be identical to one taken with a spectrophotometer used in the conventional manner. If there had been any shifting of the wavelength during passage of light through the probe, it would have been seen as an apparent shift in the absorption maximum. The sensitivity of the measurements in both nonturbid solutions and turbid suspensions would be reduced if ambient light were allowed to pass to the photomultiplier along with the signal from the monochromator. The measurement in a nonturbid solution would be affected by "noise" imposed by the where the use of a linear relationship between the value for absorbancy and the mass or numbers of the organisms is justified; however, these conditions should be very carefully specified in the treatment of turbidity measurements. It is wise for the investigator to construct a calibration curve relating the optical properties of the particular instrument he is using to the mass or numbers of organisms, and the interpretations of these data should be restricted to the limits of these calibration curves.
The optical properties of particles in suspension, as these properties relate to our measurements and to the properties of this probe, may be summarized as follows: the formulation for the scattering properties of particles of this size is Rayleigh-Gans treatment; the light scattered by particles of this size is more a function of the mass of the particles than of their number; and light is scattered in a forward direction with the Rayleigh-Gans relationship holding for scattering angles up to 300 in the direction of propagation of the light (10-12, 16, 18) . Although the relationship between the amount of light transmitted through a turbid suspension and the dry weight of the suspension per unit volume is represented by cubic polynomial equations, the coefficients relating these data for the yeast are much different from the coefficients for the two bacteria.
According to Rayleigh-Gans theory, there is an effect of volume of the particle on the scattering function which may account for this difference. In the construction of the probe used in these studies, the total path length of the opening is folded by the use of a mirror at the end of the probe. Light is scattered in both directions going across the opening of the probe. In these particular studies, the use of calibration curves has allowed us to ignore the effect of backscatter of light. In the design of an improved device, these factors should be considered, and the light should cross the opening in one direction. This modification would allow one to predict the effect of a change in the opening of the probe with a greater degree of confidence than is possible with an instrument with a folded path. Other possible design changes would allow sterilization of the probe in the culture vessel and a means of mechanically separating from the light path of the probe bubbles which will interfere when the rates of agitation are higher than those used in these studies.
The major advantage of a device of the type described in this paper for studies of microbial growth is the ability of the investigator to collect large amounts of data in short periods of time. This will allow a much more detailed investigation of transient changes in growth rate imposed by sudden changes in the physical or chemical environment. These changes in growth rate may be associated with profound changes in the macromolecular composition of the cells, as has been demonstrated by many workers and summarized by Maal0e and Kjeldgaard (14) . For transient events, data processing itself could become the limiting factor, so it would be highly' desirable to have the data acquired in a digital form eliminating the transcription of points and allowing direct computer processing.
